Here, we report a simple and re-producible method for large scale fabrication of novel organic flowers of cystine (CysFl) with high uniformity, at controlled pH and concentration. These 3D flowers like structures have purely hierarchic arrangement, wherein each petal is composed of several cystine molecules with the average size of 50 μM, as determined by transmission electron microscopy. The CysFl was self-assembled onto gold electrode and has been utilized to serve as matrices for covalent immobilization of Escherichia coli O157:H7 (E. coli) specific probe oligonucleotide, identified from the 16s rRNA coding region of the E. coli genome. This fabricated CysFl platform is sought to provide improved fundamental characteristics to the electrode interface in terms of electro-active surface area, diffusion coefficient, and electron transfer kinetics. Electrochemical impedance spectroscopy reveals that this genosensor exhibits a linear response to complementary DNA in the concentration range of 10 -6 to 10 -15 M with a detection limit of 1×10 −15 M. Under optimal conditions, this biosensor is found to retain about 88 % of the initial activity after 6 cycles of use.
Introduction
Micro-organisms such as bacteria and virus, are widely found in food, soil, water and the intestinal tracts of humans and animals. 1 Some of these micro-organisms play a crucial function in nature, but some potentially harmful micro-organisms can have intense negative effects on both animals and humans. 2 Among them, entero-hemorrhagic Escherichia coli (E. coli O157:H7) is a major food-borne and waterborne pathogen which causes diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome. 3, 4 The traditional method reported for the detection of E. coli O157:H7 in food and water, includes cultures using selective media, 5 serotyping 6, 7 and PCR amplification. 8, 9 Though, these methods are of high accuracy, but the operating procedure involved is complex, time-consuming and some techniques have limited sensitivity and specificity. 10 Hence, it is necessary to fabricate a sensitive, specific and rapid detection technique for E. coli which has implications in environmental monitoring, food industry and clinical chemistry.
Currently, surface Plasmon resonance, 11 quartz crystal microbalance, 12 and electrochemical 13, 14 transduction techniques have been proposed as substitute to these conventional methods. And among them, electrochemical nucleic acid biosensor has evoked considerable interest because of its unique properties of simplicity, rapidity, accuracy, low cost and portability. 15, 16 Electrochemical biosensors detect the nucleic acid binding events on solid-state transducer surface by monitoring the electrochemical spectrum change. [16] [17] [18] In the fabrication of high performance biosensors for clinical diagnostics, the structure, morphology of the matrices and the immobilization of bio-analytes for achieving rapid and sensitive detection of bio-recognition is a major challenge. 19 In view of the motivating phenomena occurring at ordered microstructures and nanoscale materials, significant work has recently been directed in the synthesis of novel materials and exploring their application for variety of vital fields including catalysis, point of care diagnostics for infectious diseases and therapeutics. 20, 21, 13 Presently, the applications of nano-materials have been widely used as a signal amplification medium to enhance the limit of DNA detection. 22, 23 In this context, the synthesis of polyaniline nanotubes, has been reported that can detect the nucleic acid with a detection limit of 1.0 fM. 24 The fabrication of a nanoporous gold electrode using encoded gold nanoparticles achieved a Page 3 of 23 RSC Advances
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detection limit of about 28 aM. 25 A label-free DNA sensor was also prepared using gallium nitride nanowires which revealed picomolar concentration of target DNA. 26 
Wang et al. have fabricated a gold nanoflower modified electrochemical DNA biosensor
showing the detection of target DNA with a detection limit of 1 pM. 27 There are reports on the modification of electrode by different nanomaterials to improve DNA detection but the strategies adopted for these modifications are relatively complex. The modification of the surface using surfactant or polymer matrix in the preparation and assembly of nanomaterials often causes some vague effects in DNA detection. 28 Thus, there is necessity for the construction of nanostructure modified electrode by a simple strategy for improved and sensitive detection of DNA. In this context, very few reports are available on the application of hierarchical structures of organic and related compounds for fabrication of nucleic-acid biosensors. These hierarchically structured materials not only possess structural organization at various scales but they also leads to the improved material properties and performance in terms of high surface area, synergistic interactions, and multiple functionalities. 29, 30 Further, the ability to design these hierarchically structures from materials with a self-assembling properties at the nanometer scale opens new opportunities for application in the field of biosensors. 31, 32 Previously, we have reported the detection of nucleic acid using micro-structured cystine dendrites, wherein the role of functional groups and morphology of dendritic cystine was discussed. 33 However, there is a lot of scope in tailoring of the order and morphology of the amino acid for enhancing the sensitivity and stability of the biosensor.
Therefore, in the present work detailed experiments have been carried out to explore the complexation efficiencies for DNA strands binding with probe molecules, immobilized on cystine flowers (CysFl). These CysFl are being considered as model system due to its intriguing properties such as ease of preparation, less chemical handling, and they have a common functionality at one end of the molecule, coupled to a range of gradually differentiated functionalities at the other. Further, this CysFl has been utilized to fabricate a label free electrochemical genosensor by covalently immobilizing specific probe oligonucleotide, identified from the 16s rRNA coding region of the E. coli genome.
These CysFl based platform was found to possess increased electro-active surface area 
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and high electron transport at the electrode-electrolyte interface, thus enhancing the sensitivity of the genosensor. hexagonal phase, which is in good agreement with the standard value for the bulk hexagonal L-cystine (JCPDS 261776). 33, 34 FTIR spectroscopy has been used to characterize CysFl and pDNA/CysFl/Au electrode in the frequency region from 400-1800 cm -1 . The characteristic bands of CysFl seen at 1490 cm -1 is due to the presence of amino groups. An intense absorption peaks at 1590 cm -1 , 1624 cm -1 and1420 cm -1 , 1490 cm -1 may be assigned to the asymmetric deformation of NH 3 + and asymmetric stretching of COOrespectively. Bands seen at 1420 cm -1 , 1295 cm -1 and 782 cm -1 are attributed to CH 2 -CO deformation, CH 2 wagging and rocking vibrations respectively confirming the presence of CH 2 group (Fig. 1B) . 32, 33 After the immobilization of pDNA on CysFl the nitrogen base region (1700-1500 cm -1 ) in the DNA spectrum overlaps with the amine signals of CysFl. The absorption bands seen at 1330 and 1133 cm -1 may be assigned to the anti-symmetric and symmetric stretching vibration of the phosphate groups, respectively (Fig. 1C ). Further, the IR absorption peak at 1048 cm -1 is due to the vibration of ribose (C-C sugar) and absorption at 903 cm -1 is an indication for the immobilization of DNA on the surface of CysFl. 
Materials and

Microscopic analysis of the
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the formation of flower like structures. 32 The formation of these structures can be attributed to acoustic cavitations, and the mechanism is described elsewhere. 33 Figure 3A shows the self assembly of CysFl onto gold surface, where the assemblies are formed in isolation and do not connect among themselves. The high magnification image shows that each flower consists of several hexagonal flakes arranged in a patterned manner (Fig. 3A, inset) . After the immobilization of pDNA, on CysFl/Au electrode, shiny and fibrous morphology is observed (Fig. 3B ). This increase in chemically accessible area may be due to welloriented functional groups present in the CysFl which help in the covalent binding of the amino terminated pDNA.
Contact Angle Studies (CA) for Au, CysFl/Au and pDNA/CysFl/Au electrodes.
To investigate pDNA/CysFl/Au bioelectrode fabrication, the CA measurements were carried out using the sessile drop method. The change in the value of the contact angle reveals the hydrophobic/hydrophilic character of the surface, which in turn can be related to CysFl self assembly and pDNA immobilization on CysFl/Au electrode. Table S1 shows the CA data of bare Au, CysFl/Au and pDNA/CysFl/Au bioelectrodes respectively. It can be seen that the value of the CA decreases after the self assembly of Table S2 . The impedance spectra are composed of a semicircle slightly shifted from the origin for all the concentrations in solution. The low frequency semi-circle is characteristic of an interfacial charge transfer reaction. The surface modification of the Au electrode with CysFl results in the increase of the R ct value (250.4 Ω, curve (i)). This increase in R ct value is due to the presence of negative charges from -COO − groups of CysFl that interrupt the interfacial electron-transfer rate between the electrode and the electrolyte solution. Interestingly, when CysFl/Au electrode was activated with EDC/NHS, there was a decrease in the R ct value which may probably be due to the blocking of negative charges of -COO − groups of CysFl, and the available of net positive charges attract negative redox marker, resulting in decrease of R ct (16.7 Ω, curve iv). 33 When the pDNA was immobilized on CysFl/Au electrode there was an increase in the R ct value (47.54 Ω, curve iii) which could be ascribed to the repellence of redox probe from approaching electrode surface by negative-charged phosphate skeletons of DNA. Further, when the pDNA is incubated with its cDNA sequence, the hybridization process occurs and more negatively charged phosphate backbones are introduced resulting in the increase of R ct (149.3 Ω, curve ii).
Cyclic voltammetry studies. To investigate the various kinetic parameters, cyclic
voltammograms of pDNA/CysFl/Au electrode were recorded as a function of scan rate (10-300 mV/s). It was seen that the magnitude of electrochemical response current Page 9 of 23 RSC Advances
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[anodic (I pa ) and cathodic (I pc ), Fig. S1A ] for the bioelectrodes and is linearly dependent on the scan rate and follows eqs.
(1) and (2) . The separation of peaks suggests that the process is not perfectly reversible; however, stable redox peak current and position during repeated scans at a particular scan rate suggests that CysFl based electrodes exhibit a quasi-reversible process. 37 Also it was noted that, the magnitude of both anodic (E a ) and cathodic peak (E c ) potentials (Fig. S1B) On the basis of the linear slope of the anodic peak currents on the square root of potential sweep rates (Fig. S1B) , it is obvious that the ions transport from bulk to the electrode surface occurs exclusively by diffusion. 39 Further, the diffusion coefficient is calculated by a concentration gradient of [Fe(CN) 6 )] 3-/4ions between bulk and interface which can be calculated using the Randles−Sevick equation: I p = (2.99 x 10 5 ) α 1/2 n 3/2 ACD 1/2 υ 1/2 (5) the diffusion coefficient for the pDNA/CysFl/Au electrode is calculated to be 7.19 × 10 -6 cm 2 s -1 and for the CysFl/Au electrode it was found to be 1.02 × 10 -5 cm 2 s -1 . From the above kinetics calculation it can be inferred that the CysFl/Au assembly is sought to provide improved electron transfer kinetics to the electrode interface. (Fig. 6A) . It was found that with change in cDNA concentration, there was change in R ct value. This signify that the hybridization reaction 
is occurring at the bioelectrode due to which there is more accumulation of negatively charged phosphate backbones, hence the R ct value increases following the formation of double stranded DNA. The difference (ΔR ct = R ct(cDNA) -R ct(pDNA) ) between the value of the pDNA immobilized electrode and that after hybridization with cDNA has been used as the measurement signal. The analytical signal (ΔR ct ) shows linear relationship with the logarithmic value of the complementary target DNA concentration ranging from 10 -15 to 10 -6 M (Fig. 6B ) and follows Eq. 6: ΔR ct = 161.47 + 9.07 log cDNA (6) with linear regression coefficient of 0.998. The detection limit is calculated to be 1 × 10 −15 M using the expression 3σ, where σ was estimated as the standard deviation (n = 10) of the impedimetric signals obtained in the absence of bacteria. As CysFl contain ample of functional group for the immobilization of biomolecule, more number of pDNA is immobilized onto the CysFl/Au electrode leading to the enhancement in the hybridization efficiency. In this case, the pathway of electron transfer to/from the electrode was very effectively blocked and changes in R ct values were remarkably enhanced upon hybridization leading to a low detection limit. Further, the association constant (K a ) between cDNA and pDNA/CysNf/Au bioelectrode has been estimated from the slope of the regression equation and found to be 0.243 M -1 (Fig. S2) . 40, 41 The performances of the DNA hybridization detection based on pDNA/CysFl/Au platform were compared with other hierarchical structures based biosensor, as shown in Table 1 . It has been observed that CysFl based platform had lower detection limit and wider detection range for nucleic acid detection.
Selectivity of the bioelectrode
The specificity of the pDNA/CysFl/Au bioelectrode towards different target DNA sequences (complementary, non-complementary and one base mismatch) and culture samples of E. coli, S. Typhimurium, N. Meningitidis and S. Dysenteriae has been studied using EIS (Fig. 7) . After incubation of the bioelectrode with E. coli spiked and E. coli 
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respect to the pDNA. Since, the non-complementary DNA bases do not match with the pDNA bases it is expected that there is no hybridization taking place and hence the R ct should result in a semicircle diameter similar to that of pDNA/CysFl/Au bioelectrode ( Fig. 7, inset) . 33 A slight increase in R ct for S. Typhimurium and N. Meningitidis DNA has been observed which may perhaps be due to nonspecific DNA interaction with the pDNA/CysFl/Au bioelectrode surface leading to an increase in negative charges on the electrodes surface. When the pDNA/CysFl/Au bioelectrode is exposed to the one base mis-match DNA sequence there was a slight increase in semicircle diameter in comparison to that of the pDNA. This may be due to the partial hybridization of pDNA with the complementary bases of the one base mis-match DNA resulting in increased negative charge of the electrode surface due to higher blocking effect of the surface or repulsion of marker ion. 19 These results reveal that the fabricated genosensor based on CysFl/Au platform is highly specific for the detection of E. coli O157:H7.
Reusability and stability of the bioelectrode
The strong binding of pDNA with the CysFl/Au electrode surface shows the stability of the genosensor to allow for ready regeneration. For this, the electrode was immersed into a buffer solution (pH 8.0) containing Tris−HCl (10 mM) and EDTA (1 mM) at 100 °C for 5 min, followed by cooling in the ice bath for about 30 min, which completely removes cDNA via thermal denaturation. 39 The R ct value of the genosensor has been found to decrease after each regeneration process with an average signal loss of about 2 % (Table S3 ). This reduction in signal may be possibly due to surface fouling during the regeneration process. The total loss of hybridization signal after 6 cycles is about 15.4 Ω, and it corresponds to ∼11.37 % loss of the initial value, indicating that the bioelectrode reproducibly detects target DNA over repeated uses (Fig. 8A) . To investigate the storage stability of the fabricated sensor, five measurements have been recorded each week for over 30 days of continuous analysis. The decrease in signal response of the bioelectrode observed was less than 10% when stored at 4 °C (Fig. 8B ).
Conclusions
In summary, the present work emphasizes the synthesis of cystine flowers prepared using acoustic cavitation method and its application towards E. coli detection.
The structural and morphological studies have given the strong evidence for the 
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